Astrocytes, the third element of the tripartite synapse, are active players in neurotransmission. Up to now, their involvement in neuronal functions has primarily been investigated at the single cell level. However, a key property of astrocytes is that they communicate via extensive networks formed by gap junction channels. Recently, we have shown that this networking modulates the moment to moment basal synaptic transmission and plasticity via the regulation of extracellular potassium and glutamate levels. Here we show that astroglial gap junctional communication also regulates neuronal network activity. We discuss these findings and their implications for brain information processing.
Introduction
Astrocytes, as part of the tripartite synapse, can integrate neuronal activity through activation of their channels, receptors, and transporters, and modulate in turn synaptic transmission and plasticity, via the release of gliotransmitters or uptake of neuroactive substances. 1 Individual astrocytes can contact up to 140 000 synapses. 2 However, since astrocytes are interconnected via gap junctions, which allow the intercellular trafficking and redistribution of neuroactive substances, they can integrate and modulate large neuronal ensembles. [3] [4] [5] [6] We have recently shown that astroglial gap junctional networks provide the basis for precise neuronal communication, because they enable fast removal of extracellular potassium and glutamate, and regulate efficiently theInterestingly, imbalanced excitatory and inhibitory strength, as well as enhanced neuronal excitability are mainly the cause of pathological network activity, typical of epilepsy. We thus investigated whether astroglial gap junctional communication limits neuronal network activity, using mice with disconnected astrocytes, in which both astroglial gap junction forming proteins, connexin 30 (Cx30) and connexin 43 (Cx43), are knocked out (Cx30 -/-Cx43 -/-mice). 4, 7, 8 We perform our study in the hippocampus, since this structure is implicated in the formation of physiological and pathological network activity, such as ripples and epileptic seizures, respectively. To study whether astroglial networks alter CA1 neuronal network activity in response to enhanced synaptic activation, we stimulated Schaffer collaterals with increasing stimulation strength (0.1 and 0.5 ms pulse width). Synchronous recordings of CA1 field excitatory postsynaptic potentials (fEPSP) and astrocytic membrane depolarizations ( Fig. 1A-D) , evoked by similar Schaffer collateral stimulation in wild type and Cx30 -/-Cx43 -/-hippocampal slices, as assessed by comparable fiber volley amplitudes from fEPSPs ( Fig. 1C) , allowed us to directly investigate alterations in neuronal activity and astroglial responses in both genotypes.
In mice with intact astroglial networks, increasing the stimulus length by 5-fold enhanced the presynaptic input by~7-fold, as measured by the fiber volley amplitude (n = 7, Fig. 1B) , and also resulted in synaptically-induced firing, detected as population spike (Fig. 1A) .
However, in the absence of functional astroglial networks, even though the presynaptic presynaptic activity was comparable to the wildtype response (fiber volley amplitude, Fig. 1C ), the © 2012 Landes Bioscience.
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postsynaptic activity was dramatically amplified (n = 6, Fig. 1B) , and resulted mostly from the massive increase in synapticallyevoked firing, as measured by the charge of the evoked response, consisting of the field fEPSP and predominantly of the population spike [p , 0.05; Cx30 -/-Cx43 -/-, n = 6, wildtype (WT), n = 7, Fig. 1A ]. Therefore dysfunction of astroglial network communication results in a distortion of neuronal information processing, due to the amplification of the postsynaptic response.
Because postsynaptic receptor activation is the main source (~80%) of extracellular potassium [(K + ) o ] during neuronal activity, 8, 9 persistent postsynaptic activity in the absence of functional astroglial networks should result in an accumulation of extracellular potassium due to impaired buffering. 6 We indeed found that the synaptically-evoked astroglial membrane depolarization, a sensitive measure of extracellular potassium levels, 10 was massively enhanced (peak amplitude, p , 0.005 for 0.1 and 0.5 ms pulse width, Fig. 1C-D) and sustained (decay, p , 0.001 for 0.1 ms pulse width and p , 0.005 for 0.5 ms pulse width, Fig. 1C-D) in Cx30 -/-Cx43 -/-mice (n = 6, WT n = 7), for both stimulation paradigms.
Interestingly in adult mice, absence of gap junction coupling between astrocytes and oligodendrocytes, also mediated by Cx43 and Cx30, 11 may also lead to altered potassium buffering by oligodendrocytes, and further increase [K + ] o . Amplification and prolongation of the fEPSP most likely result from the combination of: 1) enhanced and prolonged extracellular potassium levels, due to altered potassium buffering by disconnected astrocytes, which in turn result in persistent spine -/-Cx43 -/-mice, due to the increased swelling and delayed deswelling of disconnected astrocytes, as we observed during a train of stimulation (10 Hz, 10s), 7 which should also further augment extracellular potassium and glutamate concentrations, and lead to an accumulation of diffusion barriers slowing down extracellular diffusion. Altogether these results indicate that astroglial network communication precisely tunes pre-to-postsynaptic signaling and prevents amplification of neuronal activity.
Such uncontrolled amplification of neuronal activity, especially in the highly recurrently connected hippocampal formation, could result in hypersynchronous firing, a hallmark of epilepsy. Indeed a previous study already reported enhanced seizure susceptibility of Cx30 -/-Cx43 -/-mice in response to low-frequency stimulation, as well as during persistent NMDA receptor activity. 6 However a detailed analysis of the epileptiform activity and of the underlying mechanisms was not performed. Since our previous results indicate that in the absence of functional astroglial networks, both, excitatory, as well as inhibitory transmission increased, 7 we first investigated whether the observed alterations in the excitatory drive alone could result in the enhanced seizure susceptibility.
We found that astroglial network communication reduces bursting activity in an acute pharmacological model of epilepticlike activity (0 Mg The increase in frequency of epileptiform events in hippocampal slices from Cx30 -/-Cx43 -/-mice may result from accumulation of extracellular potassium. 7 Indeed an increase in extracellular potassium from 5 to 10 mM results in a 5-fold increase in the frequency of interictal events. 12 Furthermore the enhanced postsynaptic AMPA receptor density, as well as the pronounced glutamate spillover, activating neighboring inactive synapses, should also contribute to synchronous firing and the increase in burst frequency. The reduced amplitude of epileptiform events in Cx30 -/-Cx43 -/-mice ( Fig. 1F ) might result from stronger depolarizations of CA1 pyramidal cells due to the enhanced extracellular potassium levels, leading to decreased excitatory postsynaptic activity. Alternatively, the decreased amplitude may come from a reduced number of neurons firing during an individual event, or from an altered energy supply, which is partially mediated by astroglial networks.
4,13
The enhanced neuronal firing should also further elevate extracellular potassium levels. This might contribute to inappropriate information processing due to altered membrane depolarizations and repolarizations, resulting in dysfunction of voltage-gated ion channels, necessary for the generation of action potentials. The altered dynamics of extracellular potassium in Cx30 -/-Cx43 -/-mice should therefore prevent fast and adequate membrane depolarizations and hyperpolarizations, necessary for temporally and spatially-restricted channel activity.
In addition to the disturbed extracellular potassium homeostasis in Cx30 -/-Cx43 -/-mice, we also found insufficient astroglial glutamate clearance, measured by decreased glutamate transporter (GLT) clearance rate during basal evoked synaptic transmission (single stimulation of Schaffer collaterals). 7 This results most likely from disturbance in K + and Na + gradients driving glutamate uptake. Indeed, a reduced electrogenic drive may be due to the altered intracellular ion homeostasis caused by the lack of intercellular coupling, and/or to alterations in astroglial membrane potential dynamics, resulting from enhanced extracellular potassium levels during neuronal activity.
14 Interestingly, besides the well known involvement of gap junctions in potassium buffering, an activity-dependent Na + spread through gap junction networks was shown in a recent study. 13 We found that GLT dysfunction results in accumulation of released glutamate at synaptic, as well as at extrasynaptic sites, which increased postsynaptic AMPA receptor responses. 7 However for higher regimes of activity, such as the bursting activity we induced acutely, further accumulation of glutamate in Cx30 -/-Cx43 -/-mice may lead to desensitization of AMPA receptors, as well as to activation of extrasynaptic metabotropic glutamate receptors, thereby limiting the development of uncontrolled excessive activity. It is furthermore possible that the impaired astroglial metabolic supply to neurons in Cx30 -/-Cx43 -/-mice, 4 important during persistent neuronal activity, also contributes to limit the aberrant bursting activity.
Inter-astroglial connectivity provides individual astrocytes with large uptake and buffering capacities for potassium and glutamate, since intracellular accumulation can be prevented due to the fast redistribution via the network. Interestingly, our previous work showed that disconnection of astrocytes is still associated with a large uptake capacity, 7 suggesting that disconnected astrocytes manage to redistribute and release the uptaken substances locally within their own microdomains. Nevertheless, we previously found that the glutamate clearance time course is decelerated, 7 demonstrating a reduced functionality of GLT in Cx30 -/-Cx43 -/-astrocytes. We therefore investigated which strategies uncoupled astrocytes use to compensate for the lack in network redistribution capacity.
Since hippocampal excitatory transmission was enhanced in juvenile Cx30
-/-Cx43 -/-mice 7 due in part to increased synaptic glutamate release, and expression of glutamate transporters is thought to be activity-dependent, 15, 16 we first analyzed whether hippocampal astrocytes exhibit expression changes in GLT-1 and GLAST, the two astroglial glutamate transporter subtypes. However protein levels of these two transporters, mainly expressed by glial cells, were indistinguishable between Cx30 -/-Cx43 -/-and wildtype mice (Fig. 2A) . Thus in juvenile mice (P16-25), we did not observe the increase in GLT-1 and GLAST protein levels recently reported in the cortex and hippocampus of adult Cx30 -/-
Cx43
-/-mice. 17 This increase in adult Cx30
-/-Cx43 -/-mice might reflect a compensatory upregulation to counteract the enhanced excitatory transmission and decreased glutamate clearance rate, 7 although a functional upregulation of glial glutamate uptake was not yet shown in adult Cx30 -/-
-/-mice. We also found that disconnected astrocytes display several morphological changes, including a prominent swelling, a larger domain area, as well as enhanced GFAP and vimentin levels, reflecting reactive gliosis. 7 Interestingly, a preferential swelling of astrocytic processes, 18 known to cover synaptic compartments, 19 may well occur, as shown during hypotonic stress. 18 In addition, process volume changes depend on the expression of GFAP, 18 which is increased in Cx30 -/-Cx43 -/-mice. 7 Intracellular accumulation of potassium and glutamate in individual disconnected astrocytes should result in enhanced coentry of water to equilibrate intracellular osmolarity, likely responsible for the swelling of Cx30 -/-Cx43 -/-astrocytes. Remarkably, a functional relationship has been proposed in astrocytes between connexin 43 gap junctions and aquaporin-4 water channels, prominently expressed in astrocytes. 20 Indeed aquaporin-4 knockdown leads to a downregulation of Cx43 and associated cell coupling, as well as to an alteration in cell morphology. 21 However our data, as well as previous results, 11 suggest that the function of aquaporin-4 channels is unaltered in Cx43 -/-Cx30 -/-astrocytes. Indeed aquaporin-4 protein levels are unchanged ( Fig. 2A) . Furthermore disconnected astrocytes display larger domain area and important swelling, changes opposite to what is reported when aquaporin-4 expression is reduced. 21 Finally uncoupled astrocytes, to compensate for the intracellular accumulation of potassium and glutamate, might open pannexin-mediated hemichannels to release potassium and/or glutamate at sites of lower concentration, and thereby balance intracellular osmolarity. Previous work revealed the presence of pannexin-1 hemichannels in astrocytes, 22 enabling the release of gliotransmitters, 23 and the opening of such channels by membrane depolarization. 24 However carbenoxolone (CBX, 200 mM), known to inhibit connexin, as well as pannexin channels, 25 did not reveal any additional functionality of these hemichannels in astrocytes, as assessed by ethidium bromide uptake assay in slices from Cx30 -/-Cx43 -/-mice (n = 26) or from wildtype mice (n = 37) in the presence of normal calcium concentration, as used throughout our experiments (Fig. 2B, C) . Nevertheless, in the absence of extracellular calcium, we detected a prominent opening of CBX sensitive-hemichannels in wildtype mice (n = 49, in CBX n = 38), while in Cx30 -/-Cx43 -/-mice, a small uptake activity (~10%) was likely mediated by pannexin hemichannels (n = 33), since it was sensitive to CBX (n = 40, Fig. 2C ). Hence we could not detect a compensatory opening of pannexin hemichannels in Cx30 -/-Cx43 -/-astrocytes in control conditions.
Since we reported that uncoupled astrocytes had enhanced GFAP and vimentin levels, reflecting reactive gliosis, 7 we investigated whether microglial cells were reactive in Cx30 -/-Cx43 -/-mice, and thus could also possibly contribute to the alterations we reported in neuronal activity. Indeed, previous work revealed that elevation of extracellular potassium can activate microglial cells, 26 which can release cytokines such as TNFa, known to increase the density of postsynaptic AMPA receptors enhancing synaptic strength, 27 
-/-mice (n = 3) and wild type (n = 3) revealed no difference in protein expression for the water channel aquaporin 4 (~30 kD) and the glial glutamate transporters GLT-1 (~70 kD) and GLAST (~60 kD). Tubulin was used as a loading control. (B, C) Under control conditions, no enhanced ethidium bromide (EtBr) uptake was detectable in astrocytes from Cx30 -/-
-/-mice. Preincubation with carbenoxolone (CBX, 200 mM) for 15 min, a connexin and pannexin hemichannel blocker, has no effect on basal astroglial ethidium bromide uptake in wildtype (n = 50) and Cx30 
-/-mice (n = 3; wild type n = 3). Scale bar, 10 mm.
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Cx30
-/-Cx43 -/-: 18.2 ± 0.8, n = 13; wt: 23.8 ± 1.4, n = 14), or signs of process retraction in hippocampal slices from Cx30 -/-Cx43 -/-mice stained by the Iba-1 marker (Fig. 2D) . Although mild activation not affecting microglia morphology could occur, previous work showed that high levels of extracellular potassium are necessary to cause microglia activation. 26 Therefore more detailed analysis of microglial properties in Cx30 -/-Cx43 -/-mice would be necessary to fully exclude an involvement of these cells in the observed alterations.
In conclusion, our work shows that astroglial network communication restricts neuronal activity temporally and spatially. Therefore gap junction-mediated glial networks, by contributing to extracellular neurotransmitter and ion homeostasis through regulation of astroglial clearance rate and extracellular space volume, enable precise synaptic information transfer, processing and storage. Indeed, astroglial gap junctions limits neuronal excitability, release probability, spillover, the number of functional synapses 7 and the generation of neuronal network activity. Importantly, this has a major impact for synaptic plasticity, and favors synaptic potentiation. 7 Interestingly, astroglial networks have also been proposed to participate to heterosynaptic depression, another form of hippocampal synaptic plasticity, by releasing ATP, 5 suggesting that other mechanisms potentially involving coordinated release of gliotransmitters by astroglial networks, may also restrict and dampen synaptic transmission.
Such astroglial networks are also likely to be functionally crucial in pathological conditions associated to enhanced release of ions and neurotransmitters, and should therefore preserve synapse independence and restrict excitotoxicity. Thus our work reveals the cellular and molecular mechanisms underlying the key role of astroglial connexins in cognitive functions and possibly in psychopathology, as suggested by recent studies reporting altered expression of astroglial connexins in human brains of patients with psychiatric disorders including autism 31 and major depression 32 or of suicide completers. 33 Since astroglial gap junctional communication is disrupted in many pathological conditions (neuroinflammation, excitotoxic injury, multiple sclerosis, epilepsy, oculo-dentodigital dysplasia, neurodegenerative diseases, psychopathologies), connexins should be a promising therapeutic target to restore normal brain information processing.
Materials and Methods
Animals. Experiments were performed according to the guidelines of the European Community Council Directives of November 24th 1986 (86/609/EEC). Experiments were performed on the hippocampus of wild type mice and Cx30 -/-Cx43fl/fl:hGFAP-Cre mice (Cx30 -/-Cx43 -/-, double knockout) (provided by Pr. Willecke, University of Bonn, Germany), with conditional deletion of Cx43 in astrocytes 34 and additional total deletion of Cx30, 35 as previously described. 6 For all analyses, mice of both genders and littermates were used (P16-P25).
Electrophysiology. Acute transverse hippocampal slices (300-400 mm) were prepared as previously described 36 . Slices were stored either in ACSF or, for generation of epileptiform activity in Mg-free ACSF with 100 mM picrotoxin for at least one hour prior to recording. Slices were transferred to a submerged recording chamber mounted on an Olympus BX51WI microscope equipped for infrared-differential interference (IR-DIC) microscopy and were perfused with ACSF at a rate of 1.5 ml/min at room temperature. All experiments were performed in the presence of picrotoxin (100 mM) and a cut was made between CA1 and CA3 to prevent the propagation of epileptiform activity, except for recordings of epileptic discharges. Extracellular field and whole-cell patch-clamp recordings were performed. Evoked postsynaptic or astrocytic responses were induced by stimulating Schaffer collaterals (0.1 Hz) with ACSF filled glass pipettes. Stratum radiatum astrocytes were identified by their small cell bodies, low input resistance (~20 MV), high resting potentials (~-80 mV) and linear IV curves. Field excitatory postsynaptic potentials (fEPSPs) were recorded with glass pipettes (2-5 MV) filled with ACSF and placed in stratum radiatum. Somatic whole-cell recordings were obtained from visually identified stratum radiatum astrocytes, using 5-10 MV glass pipettes filled with (in mM): 105 K-gluconate, 30 KCl, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, 0.3 GTP-Tris, 0.3 EGTA (pH 7.4, 280 mOsm); Astroglial whole-cell membrane depolarizations were evoked by stimulation of Schaffer collaterals and were recorded simultaneously with fEPSPs. The field recording pipette was placed 50-100 mm away from the recorded astrocyte. Epileptiform activity recordings were performed in Mg-free ACSF with the field recording electrode placed in the stratum radiatum region of the hippocampus. Recordings were acquired with Axopatch-1D amplifiers (Molecular Devices), digitized at 10 kHz, filtered at 2 kHz, stored and analyzed on computer using Pclamp9 and Clampfit9 software (Molecular Devices). All data are expressed as mean ± SEM. Statistical significance for comparisons was determined by unpaired t-tests. picrotoxin and carbenoxolone were obtained from Sigma.
Antibodies. The following primary antibodies were used: GLT-1 and GLAST rabbit polyclonal antibodies (Frontier Science Co); Aquaporin 4 rabbit monoclonal antibody, Tubulin mouse monoclonal antibody (Sigma) and Iba-1 rabbit ployclonal antibody (Wako chemichals). The following HRP conjugated secondary antibodies were used: Donkey anti rabbit IgG (Amersham Biosciences) and Goat anti-mouse IgG (SantaCruz). The fluorescent conjugated secondary antibody was used in appropriate combinations: Goat anti-mouse IgG Alexa 488 conjugated and Goat anti-rabbit IgG Alexa 488 conjugated (Molecular probes).
Immunohistochemistry. Mice were anesthetized, perfused with PBS and their brains rapidly removed and frozen in isopentane cooled at -30°C. Coronal sections (20 mm) were cut on a cryostat, collected on slides and fixed with 4% paraformaldehyde in PBS for 30min at 4°C. Coronal sections or fixed hippocampal slices were permeabilized and immuno-blocked with PBS, containing 0.2% gelatin and 0.2% Triton-X100, for 1h and processed for immunostaining by overnight incubation at 4°C with primary antibodies diluted in PBS. After three washes, sections were incubated for 2 h at room temperature with appropriate secondary antibodies. After several washes, slices were mounted in Fluoromount (Southern Biotechnology) and examined with a confocal laser-scanning microscope (Leica TBCS SP2, SP5), equipped with 16, 40 and 63 x objectives. Stacks of consecutive confocal images taken at 0.5 mm intervals were acquired sequentially with two lasers (argon 488 nm) and Z projections were reconstructed using Leica Confocal Software. Cell soma size and immunoreactivity were measured in Image J on overlaid projections of several consecutive images.
Immunoblotting. Hippocampi were frozen, pulverized and homogenized in 2% SDS with protease inhibitor cocktail, β-glycerophosphate (10 mM) and orthovanadate (1 mM). Equal amounts of protein were separated on 10% PAGE gel followed by transfer to nitrocellulose membranes. Proteins were detected by immunoblotting using the HRP-ECL kit from Perkin Elmer. Tubulin was used as loading control.
Dye uptake by hemichannels. The hemichannel permeable fluorescent tracer ethidium bromide (EtdBr, 314 Da) was included in either ACSF or ACSF/0Ca 2+ /5 mM EGTA solutions at a final concentration of 4 mM. Slices were incubated for 10 min in the solutions (equilibrated with 95% O 2 -5% CO 2 , at RT). In blocking experiments, slices were pre-incubated 15 min prior to and during EtdBr application with the GJ and connexin/pannexin hemichannel blocker carbenoxolone (CBX, 200 mM). Slices were then rinsed 15 min in ACSF, fixed for 2 h in 4% paraformaldehyde in 0.12 M buffer phosphate and mounted in Fluoromount. Labeled cells were examined in a confocal laser-scanning microscope (TCS SP2, Leica) with a 63x objective. Stacks of consecutive confocal images were taken at 300 nm intervals and acquired with a laser (561 nm); Z projections were reconstructed using the LAS AF software. At least three fields were selected in each slice. Fluorescence was digitized in arbitrary units (AU) with image J processing software. Dye uptake was expressed as the difference between the fluorescence measured in cells (5-10 per slice) and the background fluorescence measured where no labeled cells were detected. Values of fluorescence in different experimental conditions were normalized relative to the control level.
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